The mechanism of H5N1 pathogenesis in humans remains unclear. Results: SAEC-T clones were poorly susceptible to previously circulating avian influenza viruses but were completely susceptible to H5N1. Conclusion: Infectivity depends on a delicate balance between acid stability of viral hemagglutinin and endosomal pH in infected cells. Significance: These findings could explain why H5N1 is directly transmitted to humans from birds, resulting in serious illness. . 2 The abbreviations used are: AI, avian influenza; SAEC, small airway epithelial cell; SA, sialic acid; BafA1, bafilomycin A1; MDCK, Madin-Darby canine kidney cell; m.o.i., multiplicity of infection; CEF, chicken embryonic fibroblast.
The highly pathogenic avian influenza (AI) virus, H5N1, is a serious threat to public health worldwide. Both the currently circulating H5N1 and previously circulating AI viruses recognize avian-type receptors; however, only the H5N1 is highly infectious and virulent in humans. The mechanism(s) underlying this difference in infectivity remains unclear. The aim of this study was to clarify the mechanisms responsible for the difference in infectivity between the current and previously circulating strains. Primary human small airway epithelial cells (SAECs) were transformed with the SV40 large T-antigen to establish a series of clones (SAEC-Ts). These clones were then used to test the infectivity of AI strains. Human SAEC-Ts could be broadly categorized into two different types based on their susceptibility (high or low) to the viruses. SAEC-T clones were poorly susceptible to previously circulating AI but were completely susceptible to the currently circulating H5N1. The hemagglutinin (HA) of the current H5N1 virus showed greater membrane fusion activity at higher pH levels than that of previous AI viruses, resulting in broader cell tropism. Moreover, the endosomal pH was lower in high susceptibility SAEC-T clones than that in low susceptibility SAEC-T clones. Taken together, the results of this study suggest that the infectivity of AI viruses, including H5N1, depends upon a delicate balance between the acid sensitivity of the viral HA and the pH within the endosomes of the target cell. Thus, one of the mechanisms underlying H5N1 pathogenesis in humans relies on its ability to fuse efficiently with the endosomes in human airway epithelial cells.
The first case of human infection by the highly pathogenic avian influenza (AI) 2 virus H5N1 (HPAIV H5N1) was reported in Hong Kong in 1997. Since then, H5N1 viruses have spread worldwide and are prevalent in Asia, Europe, and Africa (particularly Egypt). To date, more than 648 human H5N1 infections have been officially reported, more than half of which have proven fatal (1) .
The surface hemagglutinin (HA) protein of influenza viruses recognizes terminal sialic acid (SA) and galactose residues on sialylglycans. In general, human influenza viruses preferentially recognize receptors expressing terminal ␣2,6-linked SA (␣2,6SA) residues, which are abundantly expressed in the human upper respiratory tract, although AI viruses preferentially bind to receptors expressing terminal ␣2,3SA residues, which are expressed mainly in the respiratory and enteric tracts of birds (2) . The H5N1 virus infects the human lower respiratory tract, including the bronchioles and alveoli, which express both ␣2,3SA and ␣2,6SA residues (3, 4) . This receptor distribution is thought to be the reason why H5N1 viruses can be transmitted from birds to humans. However, even though all AI subtypes, including H5, H7, and H9, bind ␣2,3SA, H5N1 is one of the few AI viruses that is highly infectious and virulent in humans (H7N7 and the recently emerged H7N9 can also infect humans in some cases) (5, 6) . To date, few studies have examined the mechanism(s) underlying AI infection of humans, other than receptor specificity. Therefore, the mechanism(s) underlying H5N1 infection of human respiratory tissue must be identified if we are to fully understand the pathogenesis of this virus. * This work was supported by Grants-in aid for Scientific Research 22790953, MDCK and A549 cells are susceptible to infection by influenza viruses; however, because these cell lines were derived from non-human tissue and carcinoma cells, respectively, they are not suitable for investigating viral infection of human respiratory tissue. Thus, novel cell lines that maintain the phenotype of human airway epithelia are required. To this end, we transformed human bronchiolar epithelial cells (small airway epithelial cells (SAECs)) with the SV40 large T-antigen and isolated several clonal cell lines (SAEC-Ts). A previous study suggests that human bronchial epithelial cells are a better model of influenza virus infectivity and tropism than other cell types (7) . Also, cells immortalized with SV40 large T-antigen show both the morphological and functional characteristics of the parental cells (8, 9) .
Here, we examined the ability of currently circulating H5N1 and previously circulating AI viruses to infect different SAEC-T clones. The results suggest that post-receptor binding steps, particularly those within the endosomes of the target cells, play a key role in the infectivity of AI viruses and that the high fusogenic activity of H5N1 results in severe pathogenicity in humans.
EXPERIMENTAL PROCEDURES
Viruses and Cells-Influenza virus strains A/crow/Kyoto/ 53/04 (H5N1) (Cw/Ky (H5N1)) and A/chicken/Egypt/CL6/07 (H5N1) (Ck/Eg (H5N1)) were isolated from embryonated chicken eggs inoculated with tracheal or lung homogenates from dead crows (10) or dead chickens (11) , respectively. A/Beijing/262/95 (H1N1) (Beijing (H1N1)), A/Duck/Hong Kong/ 273/78 (H2N2) (Dk/Hk (H2N2)), A/Panama/2007/99 (H3N2) (Panama (H3N2)), A/Duck/Hong Kong/668/79 (H4N5) (Dk/ Hk (H4N5)), A/Duck/Hong Kong/820/80 (H5N3) (Dk/Hk (H5N3)), A/Turkey/Ontario/7732/66 (H5N9) (Tk/Ont (H5N9)), A/Duck/Hong Kong/960/80 (H6N2) (Dk/Hk (H6N2)), A/wigeon/ Osaka/1/01 (H7N7) (Wg/Os (H7N7)), A/Turkey/Ontario/6118/67 (H8N4) (Tk/Ont (H8N4)), and A/Duck/Hong Kong/448/78 (H9N2) (Dk/Hk (H9N2)) were kind gifts from Yoshinobu Okuno (Kanonji Institute, the Research Foundation for Microbial Diseases of Osaka University, Kagawa, Japan). These influenza virus strains were grown in 9-day-old embryonated chicken eggs. For subsequent studies, allantoic fluids were precleared by centrifugation at 3,300 ϫ g for 20 min followed by filtration through 0.45-m filters. The viruses were then purified by centrifugation (112,500 ϫ g for 2 h) through PBS containing 20% sucrose. Virus pellets were resuspended in PBS, and aliquots were stored as working stocks at Ϫ80°C. Virus titers were measured in focus-forming assays in MDCK cells and expressed as focus-forming units/ml (12) . All experiments with live avian viruses were performed at Osaka University or at the Kyoto Prefectural University of Medicine under Biosafety Level 3ϩ conditions (as approved by the Ministry of Agriculture, Forestry and Fisheries, Japan). MDCK cells were purchased from the Riken BioResource Center Cell Bank (Ibaragi, Japan). Human lung epithelial carcinoma (A549) cells were kindly provided by the Cell Resource Center for Biomedical Research (Tohoku University, Sendai, Japan). Human primary SAECs were purchased from Lonza Corp. (Walkersville, MD).
Reagents-MDCK and A549 cells were cultured in minimal essential medium supplemented with 10% fetal bovine serum (FBS) and standard antibiotics. SAECs were cultured in Small Airway Cell Growth Medium (SAGM, Lonza) according to the manufacturer's recommendations. SAEC-Ts were cultured in D/M medium (DMM), which is based on Dulbecco's modified Eagle's medium (DMEM), and MCDB153 (1:1), supplemented with growth factors (bovine pituitary extract (30 g/ml), hydrocortisone (0.5 g/ml), epidermal growth factor (0.5 ng/ml), epinephrine (0.5 g/ml), transferrin (10 g/ml), insulin (5 g/ml), triiodothyronine (6.5 ng/ml), retinoic acid (0.1 ng/ml), and cholera toxin (0.1 g/ml)), 5% FBS, and antibiotics (penicillin (100 units/ml), streptomycin (100 g/ml), and amphotericin B (250 ng/ml)). Primary SAECs were also cultured in DMM in the virus infection experiment.
Establishment of SAEC-derived Cell Clones-SAECs were immortalized by transformation with the SV40 large T-antigen gene as described previously (13) . Briefly, after primary culture, a monolayer of primary SAECs was exposed to a retroviral vector containing a gene encoding the SV40 large T-antigen in medium including Polybrene (8 g/ml). Five hours later, the medium was replaced with SAGM. The cells were then incubated for 1 week. Immortalized cells were selected by adding G-418 sulfate (500 g/ml) to the culture medium. Single cell clones were isolated by limiting dilution in a 96-well microplate to establish SAEC-T clones.
Assessment of SA Expression by Flow Cytometry-SAEC-T monolayers were detached by exposure to 0.025% trypsin/ EDTA and then fixed with 4% paraformaldehyde for 30 min at 4°C. After washing twice with PBS containing 10 mM glycine and once with PBS, the cells were blocked with PBS containing 1% bovine serum albumin for 1 h at 4°C. The cells were then incubated for 1 h at 4°C with 2.5 g/ml Sambucus nigra-FITC (Vector Laboratories, Burlingame, CA) to detect SA␣2,6 or with Maackia amurensis-FITC (Vector Laboratories) to detect SA␣2,3. After washing three times with PBS, 50,000 events were acquired on a FACSCalibur flow cytometer (BD Biosciences) to measure fluorescence intensity. Data were analyzed using CellQuest software (BD Biosciences). MDCK, 1A5, and 21E5 cells were also treated with Arthrobacter ureafaciens sialidase (100 milliunits/ml, Nacalai Tesque, Kyoto, Japan; prepared in PBS (pH 6.8)) for 4 h at 37°C (or mock-treated) before lectin staining.
Plasmid Construction-Viral RNA was isolated using TRIzol reagent (Invitrogen), and cDNA was synthesized using random hexamers. The full-length HA sequences from Dk/Hk (H2N2), Dk/Hk (H4N5), Cw/Ky (H5N1), Ck/Eg (H5N1), Tk/Ont (H5N9), Dk/Hk (H6N2), Wg/Os (H7N7), and Tk/Ont (H8N4) were constructed by PCR. The HA sequences of A/Thailand/ Kan353/04 (H5N1) (Thailand (H5N1)), A/Indonesia/5/05 (H5N1) (Indonesia (H5N1)), and A/Shanghai/1/06 (H5N1) (Shanghai (H5N1)) were constructed by PCR using overlapping deoxyoligonucleotides corresponding to the published sequence of the HA open reading frame. The full-length sequences of both A/duck/Egypt/D1Br/2007 (H5N1) (Dk/Eg (H5N1)) (clade 2.2.1) (PB2, PB1, PA, HA, NP, NA, M, and NS) (11) and Dk/Hk (H5N3) (PB2, PB1, PA, HA, NP, NA, M, and NS) were constructed by PCR. The virulent HA sequence of Dk/Hk (H5N3) was constructed by changing single basic amino acids within the HA cleavage site to multiple basic amino acids (NЈ-TR-CЈ to NЈ-RRKKR-CЈ), as described previously (10) . The HA genomes of H5N1 (Cw/Ky (H5N1), Ck/Eg (H5N1), Thailand (H5N1), Indonesia (H5N1), or Shanghai (H5N1)) and the eight-segment sequence of Dk/Eg (H5N1) and Dk/HK (H5N3), including the virulent HA sequence, were cloned into the transcription plasmid, pPOLI (14) . The HA open reading frame sequences from Dk/Hk (H2N2), Dk/Hk (H4N5), Cw/Ky (H5N1), Ck/Eg (H5N1), Thailand (H5N1), Indonesia (H5N1), Shanghai (H5N1), Dk/HK (H5N3), Tk/Ont (H5N9), Dk/Hk (H6N2), Wg/Os (H7N7), and Tk/Ont (H8N4) were cloned into pCAGGS protein expression plasmids (15) .
Generation of Recombinant H5N3 and H5N1 Viruses-Recombinant viruses were generated using a previously described reverse genetics system (14 -16) , with slight modifications. Briefly, the pPOLI plasmid containing seven genomes of Dk/HK (H5N3) and its virulent HA genome (harboring multiple basic amino acids), or each of the H5N1 HA genomes described above, was transfected together with pCAGGS expression plasmids (15) harboring WSN PA, PB1, PB2, and NP into 293T cells that had been co-cultured with CEFs (at a ratio of 7:3). The pPOLI plasmid containing eight genomes of Dk/Eg (H5N1) was used together with pCAGGS (WSN PA, PB1, PB2, and NP) to generate recombinant Dk/Eg (H5N1). Next, 5 g/ml of acetylated trypsin (Sigma) was added to the plates at 1 and 4 days post-transfection. At 7 days post-transfection, the culture supernatants were collected and injected into 9-day-old chicken eggs. The allantoic fluid was collected at 3 days postinjection and titrated to measure the number of focus-forming units/ml. All recombinant Dk/HK (H5N3) viruses (including the virulent HA and H5N1 HA genomes) were confirmed by sequencing.
Virus Infection-Primary SAECs, SAEC-Ts, and MDCK cells were cultured in 96-well plates (2.0 ϫ 10 4 cells/well) or 24-well plates (1.0 ϫ 10 5 cells/well) and then infected with viruses at an m.o.i. of 1, 3, or 10. The cells were then incubated at 37°C for 1 h. The medium containing the virus was removed, and the cells were washed twice. MDCK cells were then cultured in minimum essential medium (Sigma) containing 10% FBS, and primary SAECs and SAEC-T cells were cultured in DMM containing 5% FBS. Virus-infected cells were subjected to immunofluorescence analysis to detect viral antigens or used in cell fusion assays.
Immunofluorescence Analysis-Cells were cultured in 96well plates (2.0 ϫ 10 4 cells/well). At 16 h post-infection, cells were fixed with PBS containing 4% paraformaldehyde and 0.1% Triton X-100 for 30 min at room temperature and washed with PBS (three times). The cells were then stained with a rabbit polyclonal antibody against A/Duck Hong Kong/342/78 (H5N2) to detect influenza virus antigens. This antibody recognizes influenza virus NP and M1 proteins. Antibody binding to viral proteins was detected with an Alexa Fluor 488-conjugated secondary antibody (Molecular Probes, Carlsbad, CA) diluted 1:500 in PBS containing 1% bovine serum albumin. Cell nuclei were counterstained with Hoechst 33342 (Sigma). To determine the percentage of cells (for each SAEC-T clone) infected with the viruses (the infectivity ratio), the cells were photo-graphed, and the number of antigen-positive cells and cell nuclei visible in the microscope field were counted (more than three independent cell culture experiments were performed). Cell nuclei (in more than 1,000 cells infected with each virus strain) were counted using ImageJ, and antigen-positive cells were counted using a manual counter. The percentage of cells (for each SAEC-T clone) infected by the virus (the infectivity ratio) was calculated by dividing the number of antigen-positive cells by the total number of nuclei in the same field. The results are expressed as the mean Ϯ S.D. of at least three independent cell cultures.
Western Blot Analysis of Virus Binding to SAEC-T Clones-Viruses were allowed to bind to SEAC-T cell clones cultured in 24-well plates (1.0 ϫ 10 5 cells/well). Briefly, cells were washed twice with PBS, infected with viruses at an m.o.i. of 10, and then incubated at 4°C for 1 h to avoid endocytosis. The cells were then washed five times with ice-cold PBS and lysed with PBS containing 2% SDS. Lysates (10 g of protein per lane; measured using the bicinchoninic acid protein quantification kit; Pierce) were subjected to electrophoresis in a 10% SDS-polyacrylamide gel. Lysed free virus particles were used as detection and loading controls. The proteins were then transferred to nitrocellulose membranes and blocked overnight in PBS containing 5% nonfat milk and 0.05% Tween 20 at 4°C. The membrane was reacted with a rabbit polyclonal antivirus antibody (diluted 1:2,000 in PBS containing 5% nonfat milk and 0.05% Tween 20), followed by a horseradish peroxidase-conjugated donkey anti-rabbit IgG (1:10,000 in PBS containing 0.05% Tween 20; Jackson ImmunoResearch) at room temperature. The membrane was washed with PBS containing 0.05% Tween 20 between steps. The reactive bands were visualized using the enhanced chemiluminescence system (Pierce) and Fuji XR film. The intensity of each band was measured using ImageJ.
Imaging the Internalization of Fluorescently Labeled Virus Particles in Live Cells-Virus particles were labeled with octadecyl rhodamine B (R18; Molecular Probes) as described previously (17) , with some modifications. Briefly, purified virions (10 5 focus-forming units/ml) were suspended in 0.5 ml of PBS containing 1 M R18. The reaction mixture was gently shaken in the dark for 1 h at room temperature and then passed twice through a filter (0.22-m pore size; Millipore). Before viral infection, cell monolayers were labeled with the cytoplasmic dye CellTracker Green 5-chloromethylfluorescein diacetate (Molecular Probes), according to the manufacturer's instructions. Nuclei were stained with Hoechst 33342 (Sigma). Dyelabeled cells were washed twice with PBS, infected with viruses at an m.o.i. of 3, and incubated at 4°C for 15 min. After removing the viruses, cells were washed twice and cultured in DMM containing 5% FBS in a temperature-controlled chamber mounted on the stage of a confocal laser scanning microscope (OLYMPUS, Tokyo, Japan). The chamber was maintained at 37°C under a humidified 5% CO 2 atmosphere. Images were taken with a ϫ100 oil objective lens (NA ϭ 1.4, OLYMPUS), and data were acquired using FV1000 Viewer software (OLYMPUS).
Cell Fusion Assay-MDCK cells (1.0 ϫ 10 5 cells/well) were cultured in 24-well plates and infected with viruses at an m.o.i. of 1. At 8 h post-infection, the cells were washed twice with PBS followed by fusion buffers at different pH (150 mM NaCl adjusted to pH 5.0, 5.125, 5.25, 5.375, 5.5, 5.625, 5.75, or 5.875 with 10 mM HEPES). Cells were incubated with each fusion buffer for 5 min and then returned to DMEM/F-12 medium containing trypsin (0.25 g/ml) and cultured for 2-3 h at 37°C. Cells were then fixed with 0.5% (v/v) glutaraldehyde and stained with 0.025% (w/v) crystal violet. Micrographs were taken at ϫ10 magnification. Alternatively, MDCK cells (cultured to 90% confluency in 24-well plates) were transfected with pCAGGS plasmids coding the HA gene sequences of different AI virus strains using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations. At 24 h post-transfection, cells were treated with the different pH buffers, cultured, and fixed as described above.
Polykaryons containing more than five nuclei were counted as described previously (18) . The pH threshold was defined as the highest pH value at which polykaryon formation was observed.
Measurement of Endosomal pH-The endosomal pH in the SAEC-T clones was measured by confocal microscopy according to the method of Teichgräber et al. (19) , with slight modifications. Briefly, SAEC-T clones were cultured in glass dishes and then loaded with LysoSensor Green DND-189 (1 M; Molecular Probes; prepared in PBS) for 10 min at 37°C. Cells were washed twice with PBS and then cultured in DMM containing 5% FBS for at least 0.5 h to allow the dye to accumulate within acidic vesicles. Cells were treated and cultured as described above in a temperature-controlled chamber set on the stage of a confocal laser scanning microscope (OLYMPUS). Images were taken with a ϫ100 oil objective lens (NA ϭ 1.4, OLYMPUS), and data were acquired using FV1000 Viewer software (OLYMPUS). The fluorescence intensity of the stained vesicles was measured using FV1000 Viewer software (OLYM-PUS). Six different micrographs (each including 5-10 1A5 or 21E5 cells) were used for pH analysis. Captured images were recorded at an excitation wavelength of 473 nm and an emission wavelength of 485-545 nm. After subtracting the background signal, the fluorescence intensity of the pixels of all cells in each micrograph was converted to inherent values for each individual cell using ImageJ, and the average value for each micrograph was used to determine the vesicular pH in 1A5 and 21E5 cells. Simultaneously, standard curves of fluorescence intensity were constructed using cells treated with a series of calibration buffers, namely 10 mM NaCl, 130 mM KCl, 1 mM MgSO 4 , 10 mM Na-MES, 10 g/ml nigericin, and 20 g/ml monensin, which had pH values of 4.5, 5.0, 5.5, 6.0, and 6.5. These calibration buffers can equilibrate the intracellular and extracellular pH values (see Thomas et al. (20) ). A pH standard curve was generated by washing cells three times with PBS and then allowing them to equilibrate for 10 min at 37°C in the calibration buffer. After equilibration, cells were incubated for 10 min at 37°C with calibration buffer containing 1 M Lyso-Sensor Green DND-189 (Molecular Probes). Cells were then washed twice with calibration buffer and immediately photographed. The fluorescence intensity of the pixels of all cells in each micrograph was converted to the inherent values, which correspond to the pH value of each individual calibration buffer (pH 4.5-6.5). Six different micrographs (each including 5-10 individual 1A5 or 21E5 clones) were used to prepare standard curves for each individual pH calibration buffer. For flow cytometric analysis of endosomal pH values in the different SAEC-T clones, each clone was labeled with LysoSensor Green DND-189 as described above and carefully removed from the culture plates by trypsinization. CEFs were used as a control. The fluorescence intensity of 10,000 events was measured using a FACSCalibur flow cytometer (BD Biosciences). Data were analyzed using CellQuest software (BD Biosciences).
Imaging of pH-sensitive Endosomes after Endocytosis of Fluorescently Labeled Virus Particles-Virus particles were labeled with R18 as described above. Cells were cultured on glass dishes, washed twice with PBS, and then infected with viruses at an m.o.i. of 3, followed by incubation at 4°C for 15 min. After removing the viruses and washing twice with PBS, the cells were stained with LysoSensor Green DND-189 (1 M; Molecular Probes), as described above. Cells were then washed twice with PBS and cultured in DMM containing 5% FBS in a temperaturecontrolled chamber mounted on the stage of a confocal laser scanning microscope (OLYMPUS). Images were taken with a ϫ100 oil objective lens (NA ϭ 1.4, OLYMPUS) at 1 h postinfection, and data were acquired using FV1000 Viewer software (OLYMPUS).
Measurement of Endosomal pH Using Fluorescein-labeled Virions-The pH in the endosomes was estimated using fluorescein-labeled virions (F-virions) as described previously (21, 22) . Briefly, viral particles were labeled with fluorescein octadecyl ester (Molecular Probes) according to the same method used for R18 labeling. Before viral infection, monolayers of cultured cells were labeled with the cytoplasmic dye CellTrace Far Red (Molecular Probes), according to manufacturer's instructions. Cells were then washed twice with PBS, infected with F-virions at an m.o.i. of 3, and incubated at 4°C for 15 min. After removing the F-virions and washing twice with PBS, the cells were cultured for 45 min in DMM containing 5% FBS in a temperature-controlled chamber mounted on the stage of a confocal laser scanning microscope (OLYMPUS). Images were taken with a ϫ100 oil objective lens (OLYMPUS), and the fluorescence intensity of the F-virions was measured using FV1000 Viewer software (OLYMPUS). n ϭ 25 micrographs showing 1A5 or 21E5 cells were used to measure endosomal pH. To determine the pH values, the fluorescence intensity of F-virions was measured in an area measuring 0.5 ϫ 0.5 m. Images were captured at an excitation wavelength of 473 nm and recorded at an emission wavelength of 485-545 nm. The endosomal pH in the SAEC-T clones was read from a standard curve constructed by treating infected cells with calibration buffers (10 g/ml nigericin and 20 g/ml monensin) at a range of pH values (pH 5.0, 5.5, 6.0, 6.5, and 7.0). At least eight micrographs showing cells treated with each pH buffer were used to construct the standard curve.
Virus Infection Inhibition Assay-To examine the effect of increasing endosomal pH on virus infection, 1A5 and 21E5 cells were incubated in DMM containing 5% FBS plus bafilomycin A1 (BafA1) (1.56, 3.125, 6.25, 12.5, and 25 nM; Sigma) for 2 h prior to virus infection. The endosomal pH in cells treated with BafA1 was determined using the pH-sensitive dye, LysoSensor Green DND-189, and a confocal laser scanning microscope (OLYMPUS), as described above. Infection assays were also performed using BafA1-treated cells. After two washes with PBS, cells were infected with Cw/Ky (H5N1) or Dk/Hk (H5N3). The percentage of infected 1A5 and 21E5 cells was determined as described above.
Statistical Analysis-All data are expressed as the mean and standard deviation of at least three determinations per experimental condition. Student's t test (assuming unequal variances) was used for statistical analysis. A p value Ͻ 0.05 was considered significant.
RESULTS
Establishment of Human SAEC-T Clones-First, we compared the ability of H5N1 and other AI viruses to infect SAECs. Viral antigens were detected in almost all cells infected with Cw/Ky (H5N1 clade 2.5). By contrast, partial cells were infected with identical titers of Dk/Hk (H5N3) (Fig. 1A) . These results implied that SAECs are heterogeneous and show differential susceptibility to AI viruses and that H5N1 shows a broad tropism for epithelial cells. Therefore, to examine the cell populations within primary SAECs and the cellular mechanisms underlying the differences in susceptibility to viral infection, we generated SAEC clones by transforming SAECs with the SV40 large T-antigen (13) . Twenty one cell clones (SAEC-Ts) were established, and all showed similar proliferation kinetics in culture (Table 1) , although there were slight differences in morphology. The SV40 large T-antigen was stably expressed, even after more than 10 passages (data not shown). Similar to primary SAECs, all SAEC-Ts were cytokeratin (an epithelial cell marker)-positive and MUC5AC (a goblet cell marker)/ SCGB1A1 (a Clara cell marker)-negative (data not shown).
Characterization of SAEC-T Clones According to Susceptibility to Infection by Influenza Viruses-To evaluate the susceptibility of each SAEC-T clone to infection by influenza viruses, we exposed them to H5N1 (Cw/Ky (H5N1)), a low pathogenic AI virus (Dk/Hk (H5N3)), or human influenza virus Beijing (H1N1) (used as the control). All SAEC-Ts were susceptible to infection by Cw/Ky (H5N1) and Beijing (H1N1) (100% infection rate, see Table 1 ). Dk/Hk (H5N3) showed a moderate infection rate (30 -99%) in 10 of the 21 SAEC-T clones and a marginal infection rate (1-29%) in the remainder. Thus, SAEC-T clones were categorized as either high or low susceptibility clones on the basis of their susceptibility to Dk/Hk (H5N3) (high, Ն30% infected; and low, Ͻ30% infected) ( Table  1) . Two clones were selected as examples of high (1A5) and low (21E5) susceptibility clones (Fig. 1B) for further examination.
Next, we examined whether clones 1A5 and 21E5 were susceptible to infection by other classical AI viruses. 1A5 and 21E5 were infected with Dk/Hk (H2N2), Dk/Hk (H4N5), Tk/Ont (H5N9), Dk/Hk (H6N2), Wg/Os (H7N7), Tk/Ont (H8N4), and Dk/Hk (H9N2). Clones 1A5 and 21E5 showed moderate and low susceptibility to infection by AI viruses, respectively ( Fig.  2A) . By contrast, the clones showed high susceptibility to another H5N1 strain, Ck/Eg (H5N1), and to human influenza virus Panama (H3N2) ( Fig. 2A) . These results suggested that human influenza viruses broadly infect human airway epithelial 
TABLE 1 Categorization of human SAEC-T clones according to their susceptibility to infection by influenza viruses
Infectivity is expressed as follows: ϩϩ, 100%; ϩ, Ն30 and Ͻ100%; Ϯ, Ͼ0 and Ͻ30%. H, high susceptibility clones; L, low susceptibility clones.
Clone name a

Beijing (H1N1)
Cw/Ky (H5N1)
Dk/Hk (H5N3) Type
ϩϩ ϩϩ Ϯ L a These 21 cell clones all showed similar proliferation kinetics in culture. b 1A5 and 21E5 clones were used for further analysis as examples of high (1A5) and low (21E5) susceptibility clones. APRIL 24, 2015 • VOLUME 290 • NUMBER 17
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cells; however, AI viruses could only infect specific cell clones, whereas H5N1 infected all SAEC-T clones. A multibasic amino acid motif within the HA cleavage site is associated with the high virulence of HPAI viruses in both birds and mammals (23, 24) . To examine whether differences in the sequences at the HA cleavage sites in Cw/Ky (H5N1) and Dk/Hk (H5N3) contribute to their differing ability to infect 1A5 and 21E5 cells, we examined the susceptibility of the two clones to a recombinant H5N3 virus harboring multiple basic sequences derived from Cw/Ky (H5N1) (NЈ-RRKKR-C') within the HA cleavage site (rDk/Hk-RRKKR-HA). As shown in Figs. 1B and 2A, both rDk/Hk-RRKKR-HA and wild-type Dk/Hk (H5N3) infected 21E5 and 1A5 cells to a similar extent, suggest-ing that the multiple basic amino acid sequences within H5N1 HA are not responsible for its ability to infect SAEC-T.
By contrast, a recombinant Dk/Hk virus harboring H5N1 HA genes from avian Cw/Ky (clade 2.5) and Ck/Eg (clade 2.2.1) (denoted here as rDk/Hk-Cw/Ky-HA and rDk/Hk-Ck/Eg-HA, respectively) or H5N1 HA genes from human A/Thailand/ Kan353/04 (clade 1), A/Indonesia/5/05 (clade 2.1.3), or A/Shanghai/1/06 (clade 2.3.4) (denoted here as rDk/Hk-Thai-landHA, rDk/Hk-Indonesia, and rDk/Hk-ShanghaiHA, respectively) showed broad infectivity (similar to Cw/Ky (H5N1)) ( Fig.  2B ). Furthermore, a recombinant Dk/Hk virus carrying H5N1 HA genes from Dk/Eg (H5N1) (clade 2.2.1) (denoted here as rDk/Hk-Dk/Eg-HA) also showed broad infectivity (similar to a recombinant Dk/Eg (H5N1), which shows very high amino acid homology (HA, NP, M1, M2, NS2: 100%; another gene Ͼ99.46%) to the H5N1 human isolate A/Egypt/902786/2006 (H5N1) (clade 2.2.1)) ( Fig. 2C) . These results suggest that the H5N1 HA protein confers the ability to broadly infect SAECs.
We also examined the expression of ␣2,3SA and ␣2,6SA residues on SAEC-Ts by flow cytometry. The results showed that ␣2,6SA and ␣2,3SA were expressed on all SAEC-T examined and that the levels were comparable with those on the surface of MDCK cells (Fig. 3) .
Binding and Internalization of Viruses by Human SAEC-T Clones-We next examined the mechanism underlying the ability of H5N1 to broadly infect SAEC-Ts. First, we examined the cell binding ability of two H5N1 strains, Cw/Ky (H5N1) and Ck/Eg (H5N1), and two AI viruses, rDk/Hk-RRKKR-HA and Tk/Ont (H5N9). SAEC-Ts (clones 1A5 and 21E5 (1.0 ϫ 10 5 cells)) were infected at an m.o.i. of 10 (see "Experimental Pro-cedures"), lysed, and then immunoblotted with an anti-influenza polyclonal antibody (which recognizes the M1 conserved region) ( Fig. 4 ). There was no significant difference in the number of H5N1 or other virions bound to the surface of 1A5 or 21E5 cells ( Fig. 4, A, right panel, and B, right panel) . Even H5 viruses (rDk/Hk-RRKKR-HA and Tk/Ont (H5N9)), which showed low infectivity, bound to 1A5 and 21E5 cells. The amount of rDk/Hk-RRKKR-HA and Tk/Ont (H5N9) bound to 21E5 cells (which showed low susceptibility to previously circulating H5 viruses) was similar to that of the currently circulating H5N1 virus (Cw/Ky (H5N1)). The amount of bound Beijing (H1N1) particles was comparable with that of previously circulating AI viruses ( Fig. 4, A, right panel, and B, right panel) .
We next focused on viral internalization, which was visualized by labeling viral particles with a fluorescent dye. The labeled Cw/Ky (H5N1) and rDk/Hk-RRKKR-HA virions entered 1A5 cells within 1 h (Fig. 4C ). In addition, both virions entered 21E5 cells with similar kinetics (Fig. 4D) . These results suggest that both currently circulating H5N1 and previously circulating AI viruses use the same internalization pathway.
Effect of pH on H5N1-Membrane Fusion-We next examined the virus-membrane fusion step, which is triggered by the mildly acidic pH within the endosomal lumen after internalization. MDCK cells were transfected with HA expression plasmids and were used in a cell-to-cell fusion assay (25) . The highest pH at which viruses showed fusogenic activity was measured, and the pH threshold was determined. The results showed that the pH threshold for H5N1 viruses (Cw/Ky (H5N1), Ck/Eg (H5N1), Indonesia (H5N1), and Shanghai (H5N1)) was 5.625 (the exception was Thailand (H5N1) (pH 5.75)), whereas that of the AI viruses (Dk/Hk (H2N2), Dk/Hk (H4N5), Dk/Hk (H5N3), rDk/Hk-RRKKR-HA, Tk/Ont (H5N9), and Dk/Hk (H6N2)) was pH 5.125-5.375 (the exceptions were Tk/Ont (H8N4) and Wg/Os (H7N7) (pH 5.5)) ( Fig.  5, A, B and E) . These results suggest that H5N1-HA genes have a high pH threshold for HA-mediated membrane fusion compared with that of other AI viruses. The pH threshold for each virus corresponded well to that in MDCK cells infected with each virus (Fig. 5, C-E) .
No cell-to-cell fusion was observed in cells infected with Dk/Hk (H9N2) (Fig. 5C ) over the pH range tested (5.0 -5.875). In this study, the culture medium used for the fusion assays included trypsin as the only protease to mediate HA protein cleavage, suggesting that HA cleavage in Dk/Hk (H9N2) requires another protease (e.g. human airway trypsin-like protease or TMPRSS2) (26) .
Endosomal pH in High and Low Susceptibility SAEC-T Clones-After internalization, influenza viruses are trafficked to late endosomes, where the acidic environment triggers HAmediated membrane fusion and delivery of the viral genome to the cytoplasm (27) (28) (29) . Thus, we hypothesized that differences in late endosomal pH values may define susceptibility to viral infection. We measured the actual late endosomal pH values in representative high (1A5) and low (21E5) susceptibility clones using LysoSensor Green DND-189, which accumulates in acidic organelles (e.g. late endosomes and lysosomes) and emits green fluorescence at low pH (19, 30, 31) . Confocal microscopy (Fig. 6A, upper panels) and flow cytometry (Fig.  6B) showed that the fluorescence intensity in many vesicles within 1A5 cells was higher than that within 21E5 cells. Other high and low susceptibility cell clones showed similar results (data not shown). High levels of fluorescence were also seen in control CEFs (Fig. 6B) , which are also susceptible to virus infection.
We then examined the co-localization of internalized virions with late endosomes in 1A5 or 21E5 cells. Cells were infected with rDk/Hk-RRKKR-HA particles labeled with octadecyl rhodamine B (R18) and then treated with LysoSensor Green DND-189 or LysoTracker Green DND-26, which accumulates in acidic organelles and emits green fluorescence regardless of pH (32) . Micrographs of DND-189-or DND-26-treated 1A5 and 21E5 cells (10 cells per group) infected with labeled viruses were obtained, and the number of particles was counted. The number of intracellular particles in DND-189-treated 1A5 cells was comparable with that in 21E5 cells; however, the number of merged particles (yellow) was significantly higher in 1A5 cells than in 21E5 cells ( Fig. 6, C, left panel, and D, upper panel) . By contrast, there was no significant difference in the number of merged particles in stained vesicles within 1A5 and 21E5 cells treated with DND-26 ( Fig. 6, C, right panel, and D, lower panel) . Taken together, these results suggest that late endosomes (containing virus particles) in 1A5 cells were more acidic than those in 21E5 cells.
The endosomal pH difference between the two clones was also confirmed by measuring endosomal pH after internaliza-tion of influenza viral particles (21, 22) fluorescently labeled with fluorescein octadecyl ester. The fluorescence (green) intensity of F-virions within the endosome becomes weaker as the pH falls. Confocal imaging revealed that F-virions in 1A5 cells showed weaker fluorescence intensity than those in 21E5 cells (Fig. 7A) , indicating that the endosomal pH was lower in 1A5 cells than in 21E5 cells. To determine the pH of endosomes containing virions, we measured the fluorescence intensity of the F-virions. The endosomal pH of cells inoculated with rDk/ Hk-RRKKR-HA was read off a standard curve (Fig. 7, B-D) (for details, see "Experimental Procedures"). The average deduced endosomal pH values in 1A5 and 21E5 cells was 5.01 and 5.66 (Fig. 7) , respectively, which are almost identical to the values estimated in the DND-189 assay (pH 5.13 and 5.62, respectively) ( Fig. 6 , A, E and F; see "Experimental Procedures" for details). This pH range (pH 5.01-5.66) corresponded with that required for H5N1HA membrane fusion (Fig. 5) .
Viral Infectivity Is Regulated by Changes in Endosomal pH-The different endosomal pH values observed in high (1A5) and low (21E5) susceptibility clones prompted us to examine the relationship between viral infection and host endosomal pH levels. To this end, we effected changes in endosomal pH using the specific reagent BafA1, which increases endosomal pH via its vacuolar-type H ϩ -ATPase activity. Thus, the reagent prevents endosomal acidification and traps influenza viruses within immature endosomes (33) .
BafA1 reduced the acidity in 1A5 and 21E5 endosomes in a dose-dependent manner (Fig. 8A) . We calculated the pH of the endosomes in BafA1-treated cells (1A5 and 21E5) using the standard curve for fluorescence intensity generated using Lyso-Sensor Green DND-189-stained cells (Fig. 6E ). BafA1 increased the endosomal pH from 5.13 (0 nM) to 6.37 (25 nM) in 1A5 cells and from 5.62 (0 nM) to 6.35 (25 nM) in 21E5 cells (Fig. 8B ). Furthermore, BafA1 treatment (minimum 1.56 nM) of 1A5 cells markedly inhibited Dk/Hk (H5N3) replication. However, BafA1 treatment did not inhibit the growth of Cw/Ky (H5N1) in 1A5 cells, even at 3.125 nM. Higher doses of BafA1 (Ն6.25 nM) increased the endosomal pH in 1A5 cells to more than 5.95 and inhibited the growth of Cw/Ky (H5N1) (Fig. 8C) . By contrast, lower doses of BafA1 (1.56 nM) increased the endosomal pH in 21E5 cells to 5.83 and inhibited the growth of Cw/Ky (H5N1) (Fig. 8C ). Dk/Hk (H5N3) did not replicate well in 21E5 cells in the presence or absence of BafA1 (see Figs. 2 and 8C) . These results suggest that the pH within the endosomes in SAEC-Ts plays a role in their differing susceptibility to infection by H5N1 and other AI viruses.
DISCUSSION
Here, we show the following: (i) SAEC-T clones derived from human bronchiolar epithelia could be broadly classified into two groups (high and low) based on their susceptibility to H5N1 and other AI viruses; (ii) the H5N1 HA protein showed a broader tropism for SAEC-Ts and showed membrane fusion activity at higher pH values than previously circulating AI viruses; and (iii) the pH value within the endosomes of high susceptibility SAEC-T clones was low, but in low susceptibility clones it was high. The pH in endosomes correlated well with the susceptibility of a cell to AI viruses.
In contrast to other classical AI viruses, H5N1 infected all primary SAECs and low susceptibility SAEC-Ts tested. Also, a recombinant H5N3 virus expressing H5N1-HA showed a tropism similar to that of the parental H5N1 virus; however, a recombinant H5N3 virus expressing the multiple basic amino acid sequence from H5N1 within its HA (rDk/Hk-RRKKR-HA) did not show altered cell tropism. These results suggest that the H5N1-HA protein plays a critical role in the broad tropism for SAECs. The HA protein plays a crucial role in the early replication of influenza viruses (29) ; therefore, we focused on this phase of the viral replication cycle when examining the molecular mechanism(s) underlying the distinct susceptibilities of SAEC-T clones to AI viruses.
Surface binding analysis showed that H5N1, H5N3, and H5N9 bound comparably to both high susceptibility (1A5) and low susceptibility (21E5) SAEC-Ts. In addition, confocal microscopy revealed that H5N3 showed similar internalization kinetics to H5N1. These results suggest that an event(s) occurring after virus binding and internalization is associated with the differences in infectivity between H5N1 and H5N3 viruses.
After viral internalization via endocytosis, influenza viruses establish infection by fusion between viral and endosomal membranes as a result of a low pH-dependent conformational change in HA (34 -39) . Some residues must be protonated to activate the HA conformational change in a low endosomal pH because protonated residues can affect salt bridges or hydrogen bonds within each HA domain. Therefore, in many cases, basic residues such as histidine can act as a pH sensor to induce the HA conformational change for virus-cell membrane fusion (40 -42) . The cell fusion assay revealed that the fusogenic activity of H5N1 viruses occurred at pH 5.625-5.75, which was higher than that for other AI viruses (pH 5.125-5.375); the exceptions were Wg/Os (H7N7) (pH 5.25-5.5) and Tk/Ont (H8N4) (pH 5.5). Galloway et al. (43) reported that the pH threshold for HA membrane fusion in A/Vietnam/1204/2004 (H5N1) was higher (pH 5.6) than that for other AI viruses (pH 5.1-5.5), although some non-H5 AI viruses showed a similar pH threshold to that of the H5N1 viruses (and slightly higher than that of the previously circulating AI strains examined in this study (mostly pH 5.125-5.375)). The results of this study, together with those of Galloway et al. (43) , suggest that the ability of classical avian viruses to show fusogenic activity at relatively low pH levels may be advantageous, allowing the virus to survive within the host bird. AI viruses target the intestinal tissues in birds (2, 44) ; thus, the balance between intestinal pH and viral acid stability is likely to be important for viral persistence. The pH of the contents of the avian intestine is around 5.23-6.73 (45, 46) . Based on these values, classical AI viruses showing fusogenic activity at low pH (5.125-5.375) are acidstable, which allows them to persist in the avian intestine, whereas H5N1 viruses may be attenuated due to their lower acid stability and fusogenic activity at higher pH levels (5.625-5.75). The duck intestine is mildly acidic (45) , reflecting the fact that waterfowl act as a reservoir for all AI subtypes (47, 48) . Despite the fact that H5N1 HA is vulnerable to acidic conditions, H5N1 viruses continue to cause influenza outbreaks in poultry in central Asia, Europe, the Middle East, and Africa (49) . This discrepancy raises questions about H5N1 infection in birds. The gastrointestinal contents (proteins, lipids, or carbohydrates) might protect the viral HA protein, allowing H5N1 to remain infectious. Another possibility is that pH changes in the intestinal lumen of H5N1-infected birds could contribute to viral persistence. If virus-infected cells are efficiently destroyed by H5N1, blood is released into the intestinal lumen, thereby increasing the pH. A similar phenomenon is observed in bovine mastitis, in which bacterial infection damages the blood-milk barrier resulting in increased pH values in milk (50) . We previously reported that H5N1 viruses induce apoptosis in duck embryonic fibroblasts and mammalian airway epithelial cells (10, 51) , supporting the hypothesis that luminal pH changes occur in the intestine of H5N1-infected birds.
However, although H5N1HA may be vulnerable to low pH, this vulnerability may support efficient viral infection once H5N1 enters the target cell. During viral internalization via endocytosis, virions are exposed to reduced pH within the endosomal compartment. When the pH reaches a threshold value, virus-cell membrane fusion occurs, and the viral genome is liberated into the cytoplasm, resulting in viral infection (22, 27, 29) . The present results, together with those of Galloway et al. (43) , indicate that the H5N1-HA protein adopts its fusogenic form when the endosomal pH is high, whereas the HA proteins of other AI viruses do so at lower pH levels. Two recent studies show that HA membrane fusion at a higher pH is associated with the virulence of AI viruses. The sensitivity of membrane fusion to different pH values alters the virulence of H5N1 viruses in birds (25, 52) . Taken together with the results reported herein, these reports lead us to surmise that early uncoating and liberation of the viral genome at high pH can enable the virus to leave the endosome quickly and escape transportation to the lysosomal compartment. Recently, Imai et al. (53) reported that human-to-human transmission of AI virus requires that the HA protein must show a certain level of acid stability and recognize human receptors; this is because the human nasal mucosa is relatively acidic (approximately pH 5.5-6.9) (54, 55) . Taken together with the results of this study, this suggests that viral infectivity and transmissibility are independent of each other. Therefore, in the case of bird-to-human transmission, in which viral particles that bypass the acidic nasal cavity cause infection, a higher pH threshold for membrane fusion seems to allow efficient viral infection of the lower respiratory tract.
Thus, it seems that the pH in the endosomes of the high susceptibility clone, 1A5, is more conducive to influenza fusogenic activity than that in the endosomes of the low susceptibility clone, 21E5. The endosomal pH in 1A5 cells was 5.01 Ϯ 0.94 to 5.13 Ϯ 0.10 (value Ϯ S.D.) and that in 21E5 cells was 5.62 Ϯ 0.10 to 5.66 Ϯ 0.76 (value Ϯ S.D.). The lower endosomal pH in 1A5 cells reaches the pH threshold for fusogenic activity for all influenza viruses tested in this study. In contrast, the endosomal pH in 21E5 cells reaches the pH threshold for H5N1 but not for previously circulating AI viruses. Thus, cell susceptibility to influenza viruses depends on a delicate balance between endosomal pH and the pH threshold for fusogenic activation for each viral strain.
Early and late endosomes within cell lines or primary cells derived from different species and/or tissues have inherently different pH values (5.9 -6.5 and 5.0 -6.0, respectively) (21, 56, 57) . Representative pH values in the early and late endosomes of some cell lines and primary cultured cells are known (21, 22, 56, 58 -64) . In these reports and this study, MDCK, CEFs, and 1A5 cells, which have lower endosomal pH values, are all susceptible to infection by influenza viruses. Thus, it would be interesting to determine whether cell lines with higher endosomal pH values are more susceptible to influenza viruses after the endosomal pH is reduced by drug treatment. Further studies are needed to determine whether virus-cell membrane interactions in endosomes are important for the infectivity of other enveloped viruses. Robbins et al. (65) reported that CHO mutants were pleiotropically defective in endocytosis, and Yamashiro and Maxfield (56) showed that the endosomal pH in mutant DTF-1-5-1 and wild-type CHO cells (normal endocytosis) is 5.6 and 5.2, respectively. Overly et al. (66) also reported endosomal pH heterogeneity among primary cultured chicken sympathetic neurons. Thus, the endosomal pH in closely related cell clones may vary, supporting our findings that histologically similar epithelial cells (1A5 and 21E5) contain endosomes with different pH levels. This study is the first to show that endosomal pH is heterogeneous among human airway epithelial cells that have different susceptibilities to AI viral infection. The physiological heterogeneity of SAECs may arise because they comprise either cell types of different origin or the same cell type at different stages of differentiation. Along with Clara cells, basal and parabasal cells (stem cells) within the human airway epithelia play important roles in ciliated epithelial cell renewal (67) (68) (69) . Therefore, these cell types (which are of different origin) may show differing susceptibility to viral infection. Moreover, the differences in endosomal pH among mammalian cells leads us to speculate that endosomal pH levels may vary between the upper and lower respiratory tracts. Further studies should compare endosomal pH levels in epithelial cells that line the lower and upper human airway. From a physiological point of view, different endosomal pH values in different cells may help to defend tissues against some pathogens, including enveloped viruses and toxins that can be activated in a low pH environment. Therefore, it will be interesting to examine the correlation between the cellular endosomal pH values in host animals and the pH sensitivity of pathogens that infect them.
It is still unclear why H5N1 viruses are directly transmitted from birds to humans. Here, we provide evidence that a delicate balance between the pH sensitivity of the viral HA protein and the pH within the endosomal compartment of the target cell regulates infection by AI viruses, including currently circulating H5N1 viruses. In addition, we showed that the pathogenesis of H5N1 in humans results from its broad tropism for human airway epithelial cells, which comprise histologically similar but biologically distinct cells that contain endosomes with different pH levels. Further studies should perform phylogenetic analysis of currently circulating H5N1 viruses to identify the amino acid sequences responsible for virus-cell membrane fusion at higher pH values.
